Morphology and performance are conjointed attributes of metamaterials, of which sculptured thin films (STFs) are examples. STFs are assemblies of nanowires that can be fabricated from many different materials, typicially via physical vapor deposition onto rotating substrates. The curvilinear-nanowire morphology of STFs is determined by the substrate motions during fabrication. The optical properties, especially, can be tailored by varying the morphology of STFs. In many cases prototype devices have been fabricated for various optical, thermal, chemical, and biological applications.
Introduction
The emergence of metamaterials at the end of the 20 th century heralded a major motivational shift in research on materials and coincided with the ramping up of nanotechnology [1] . Materials researchers began to consider the design of composite materials, called metamaterials, to perform more than role each in specific environments. Among optics researchers today, the term metamaterial is often taken to mean a material with negative refractive index [2] , but there is much more to metamaterials than that. In the year 2000, Rodger Walser [3] coined this term for certain types of artificial materials, and later formally defined metamaterials as "macroscopic composites having a manmade, three-dimensional, periodic cellular architecture designed to produce an optimized combination, not available in nature, of two or more responses [emphasis in the original] to specific excitation. We can relax the requirements of periodicity today, though not of cellularity. Indeed, cellularity in morphology engenders multifunctional performance.
Sculptured thin films (STFs) [4] exemplify metamaterials. An STF is an assembly of nanowires typically grown by physical vapor deposition, whose bent and twisted forms are engineeered via the growth process. As a result of the flexibility in controlling the evolving nanostructure of the films during fabrication, their performance characteristics can be engineered.
The curvilinear-nanowire morphology of STFs is exemplified by Fig. 1 . Note the individual nanowires that make up the STF in this case are helical; they are also nominally identical and parallel. The constituent nanowires of an STF have diameters of ∼10-300 nm, and lengths on the order of tens of nanometers to several micrometers. The nanowires are made of clusters 1-3 nm in linear dimension. Therefore, STFs may be classified as nanomaterials. For many applications dependent on optical or infrared radiation, the closely packed nanowires can be treated effectively as equivalent to an anisotropic and nonhomogeneous continuum. 
Fabrication of STFs
STFs are chiefly fabricated by physical vapor deposition [17] . Several variants exist, of which thermal evaporation is the simplest. A source material is evaporated under high vacuum and the vapor allowed to flow at an oblique incidence angle χ v onto a substrate, as schematically depicted in Fig. 2 . When the temperature of the source material is less than approximately one-third the melting temperature, there is little surface diffusion, and straight nanowires form. The morphology is enabled by the shadowing of nanowires by those in front of them.
The nanowire morphology can be changed during deposition by tilting and rotating the substrate. When the substrate is rotated about a direction perpendicular to the substrate and passing through it, the nanowires become helical. These structures form the basis of chiral STFs, also known as thin-film helicoidal bianisotropic mediums (TFHBMs) in optical parlance. Several scanning electron micrographs of STFs, including TFHBMs, are shown in Fig. 3 .
In addition, the substrate can be rotated about an axis in the plane of the substrate. Changing the tilt along either or both of two such orthogonal axes can lead to zigzag, c-, and s-shaped nanowires. Such STFs are known as sculptured nematic thin films (SNTFs). Several scanning electron micrographs of SNTFs are shown in Fig. 3 .
Hybrid STFs that consist of both TFHBM and SNTF sections grown one after another are also possible. For example, Suzuki and Taga fabricated hybrid STFs with zigzag, helicoidal, and straight nanowire sections [18] . More recently, Park et al. grew a hybrid STF comprising three different chiral sections [19] .
Several variations on the basic scheme are possible, including serial bideposition, mul- In serial bideposition, a single source is used to fabricate films with large local birefringence [20, 21] . For example, when growing chiral STFs, the source is manipulated to deposit alternately on either side of the growing nanowires. Multideposition consists of two or more sources being simultaneously evaporated to grow STFs [22] . Hybrid chemical/physical vapor deposition has been used to fabricate polymeric STFs [23, 24] , because such materials cannot be heated to produce a collimated vapor. [39, 40, 41, 42] .
The structures into which STFs can be formed has also expanded to include threedimensional STF architectures. STFs can be deposited on substrates that have been prepatterned via lithography or other processes. The STF nanowires grow on the raised areas (and, depending on the angle of incidence of the vapor, the side walls) to form three-dimensional structures [27, 28] . Alternatively, the pre-deposition of arrays of small islands, or seeds, of source material can result, after STF deposition, in patterns of single nanowires or clusters of nanowires [43, 44, 45] .
Optical Constitutive Relations of STFs
Consider an STF that occupies the region 0 ≤ z ≤ L. We use the cartesian coordinate system (x, y, z) with the triad of unit vectors u x , u y , u z . The frequency-domain constitutive relations of such a dielectric, spatially local STF within this region are as follows:
where E and B are the macroscopic primitive electric and magnetic field phasors; D and H are the corresponding induction field phasors; ǫ o and µ o are the permittivity and permeability of vacuum, respectively; ω is the angular frequency; and ǫ r is the relative permittivity dyadic. The latter can be factored into pieces which depend either only on the structure of the film or the dispersive properties; thus,
where ǫ ref is the reference permittivity dyadic, so named to correspond to a reference plane z = z o where the rotation dyadic S equals the identity dyadic (i.e., S (z o ) = I). There are two canonical forms for the rotation dyadic. When
the STF exhibits an essentially two-dimensional morphology (in the xz plane), and hence is called an SNTF. The angle τ (z) determines whether the nanowires are chevrons, c-shaped, s-shaped, or of other more complex shapes. When
the STF exhibits a three-dimensional morphology, and hence is called a TFHBM. Such films are structurally chiral. Often such STFs are formed with ζ (z) = πz/Ω c and are therefore periodic, where Ω c is the structural half-period. These periodically nonhomogeneous STFs are called chiral STFs.
In more complicated STFs, S (z) can be some combination of S y (z) and S z (z). In hybrid STFs, both ǫ ref (ω) and S (z) can have sectionwise variations along the z axis.
A link between the microscopic structure of an STF and its macroscopic constitutive properties is found by local homogenization in a nominal model of STF morphology [46] . This nominal model considers each STF nanowire as being composed of a string of homogenous ellipsoids; the voids are also treated as conglomerates of ellipsoids. Local homogenization of this model, for example with the Bruggeman formalism, yields ǫ ref (ω). An extended model shows how STFs infiltrated with a chiral fluid could exhibit bianisotropic optical properties [47, 48] . 
Applications of STFs

Optical
The area of application for which STFs have been developed the most thoroughly is optics. The nanometer-scale control over the structure of STFs has meant that the optical properties of the films could be controlled on subwavelength scales. The recent development of threedimensional STF architectures means that simultaneous control at both wavelength and subwavelength scales is possible-as in three-dimensional photonic crystals.
Even within the optics category, the most well-developed area is filter technology, particularly that relying on the circular Bragg phenomenon exhibited by chiral STFs. The chirality and periodicity of the latter can give rise to a stop band along the thickness direction. That is, left/right circularly polarized light over a bandwidth called the Bragg regime is mostly reflected by a sufficiently thick chiral STF that is structurally left/right handed, but right/left circularly polarized light is either transmitted or absorbed. In a more abstract sense, the chiral STF breaks both rotational and translational symmetries, and this gives rise to the circular Bragg phenomenon.
Due to their controllable void fraction, STFs have been suggested as low-permittivity dielectrics to reduce crosstalk in integrated circuits [49] . Also, efforts have begun to integrate active light emission and gain elements into STFs for optoelectronic applications. For example, a layer of optically pumped quantum dots was embedded between two chiral STF layers to create a device which emitted circularly polarized light [50] . Chiral STFs were also used to create a circularly polarized external-cavity diode laser [51] . In addition, the possibility of tunable polymeric chiral STF lasers, whose microstructure can be compressed and released by a piezoelectric element to control the output wavelength, has been analyzed [52] . A similar scheme has been suggested for tunable optical filters [53] .
Another route to tunability is to infiltrate the pores of, for example, chiral STFs with liquid crystals. The aciculate molecules of the liquid crystal tend to align with the STF nanowires; this effect has been shown to increase the optical rotary power of the resulting composite films [54] . Moreover, one can apply an electric field to align the liquid crystal molecules along the field, with a concomitant change in optical properties for the composite [55] .
A third route to tunability is to fabricate STFs from electro-optic materials [22, 56, 57] . Most notably, the chiral STFs exhibiting the Pockels effect can exhibit a Bragg regime in the presence of a low-frequency electric field [58] .
A major emerging area in optics is to exploit STFs for plasmonics-based sensing of chemical and biological materials. For example, ultrathin metal STFs have shown a sensitivity that is significantly larger than for bulk films: 113
• /RIU for metal STFs in contrast to 79
• /RIU for bulk films [59] . Most recently, the propagation of multiple surface-plasmon-polariton waves, of the same frequency but different phase speeds, guided by a planar metal/STF interface has been theoretically predicted [60, 61, 62, 63] and experimentally verified [64] , with exciting prospects for multianalyte sensing and error-free sensing.
Regardless of the excellence of optical performance characteristics, no STF can be used reliably if it cannot withstand mechanical stimuli within reasonable ranges. Various mechanical properties of STFs, such as hardness, compliances, yield stress, and ultimate strength, need to be modeled and measured in relation to STF morphology and composition. Furthermore, there is no experimental evidence showing how the optical properties change with the application of stress. This is practically virgin territory for research. It is known from indentation experiments that chiral STFs are permanently deformed when applied pressures exceed 30 µPa [65] . This problem could be alleviated by impregnating an STF with a polymer [33, 49] which shall have to be accounted for during optical design; however, that step will require experimentation. Moreover, polymer infiltration would allow STFs to be used as optical pressure sensors [4] as well as further the development of mechanically tunable light emitters and optical filters [52, 53] .
Thermal
Harris et al. deposited alternating layers of solid and porous SNTFs of yttria-stabilized zirconia [31] . They found that the composite structure had a reduced thermal diffussivity compared to bulk films, with the added benefit of providing stress relief from expansion. The particular form of the SNTF structure they used was required to prevent cracking in the films.
Chemical
A variety of photochemical, electrochemical, and fluid sensor applications of STFs have also begun to be investigated.
Titanium dioxide STFs have been integrated into Grätzel cells for solar-power applications [66] . The photocatalytic properties of titanium-dioxide STFs have been found to depend on their morphology [18] .
The porous structure of indium-nitride SNTFs and TFHBMs was shown to improve their electrochromic properties [32] . In addition, Brett and colleagues measured the electrohemical properties of carbon TFHBMs and chevronic manganese SNTFs [34, 35] .
The porosity of STFs means that chemicals can infiltrate their pores and change their optical and electrical properties. For example, by depositing titanium-dioxide STFs on coplanar interdigitated electrodes, sensors whose capacitance increases with increasing relative humidity can be made [67] . Both the optical rotation and location of spectral hole within the circular Bragg phenomenon of a chiral STF also respond to the relative humidity of the environment [68, 69] . Shifts in spectrums have also been observed on complete infiltration of the voids in chiral STFs by acetone, methyl alcohol, isopropyl alcohol, and hexamethyldisilizane [66] . This experimental work was anticipated by earlier theoretical studies of both SNTFs and TFHBMs as fluid sensors [70, 71, 72] . The susceptibility of the optical properties of STFs to ambient moisture underscores the need for the proper packaging of films not intended for use as sensors.
Although most STFs tend to absorb ambient moisture, they can under certain conditions exhibit superhydrophobic behavior, especially when functionalized with siloxane [73, 74] . Fluorination should also promote superhydrophobicity [75] .
Biological
These chemical applications are quickly being joined by biological ones. Magnesium-alloy STF coatings on stents are being fabricated to be bioabsorbable [66] . Parylene STFs have been fabricated as scaffolds on which, for example, both kidney and fibroblast cells can grow [22, 76] . STFs are particularly suited to serve as scaffolds because their structure effectively mimics that of a tissue's extracellular matrix [22] . The ability to make transparent STFs means that cell cultures grown within them can be imaged, for example with confocal microscopy [22] . The degradation of iron(III) oxide STFs by metal-reducing bacteria has been shown to affect their optical properties, a result that indicates the possibility of using STF-based fiber optic sensors to measure bacterial activity below ground [25] .
Advantages and Disadvantages
STF technology presents several advantages as compared with competing technologies. The fabrication process of STFs is very simple and cheap, especially as compared to conventional semiconductor patterning technologies. The fabrication process affords a high degree of control over STF morphology, and consequently properties. STFs can be made of many different kinds of materials. However, there are disadvantages too. STFs can be fragile, and so must be suitably packaged to prevent damage. Suitable packaging is also needed to prevent absorption of moisture and concomitant change in properties, unless the films are being used as sensors.
Thus STFs are probably most appropriate for applications where a high degree of control over film properties and cost are important, but mechanical stability is of lesser concern.
Concluding Remarks
Extension of the STF concept for acoustic purposes requires a different length scale than that for optical purposes: nanometers have to be replaced by micrometers. Very recently, polymer STFs have been made on the microscale by a hybrid vapor deposition process; one such STF is shown in Fig. 4 . Such films can be used as acoustic filters, both for polarization and bandwidth [77, 78, 79, 80, 81] . These films could also be used as MEMS elements, particularly for sensing. The acoustic properties of these STFs require experimental research coupled with theoretical modeling [82, 83, 84] .
To conclude, STFs show promise for several optical, electronic, chemical, biological, and acoustic applications. Of these, the optical applications are the most developed. The controllable morphology and wide variety of constituent materials makes these thin-film metamaterials attractive for these and other applications.
